Photosynthetic water oxidation to molecular oxygen is carried out by photosystem II (PSII) over a reaction cycle involving four photochemical steps that drive the oxygen-evolving complex through five redox states S i (i = 0,…, 4). For understanding the catalytic strategy of biological water oxidation it is important to elucidate the energetic landscape of PSII and in particular that of the final S 4 → S 0 transition. In this short-lived chemical step the four oxidizing equivalents accumulated in the preceding photochemical events are used up to form molecular oxygen, two protons are released and at least one substrate water molecule binds to the Mn 4 CaO 5 cluster. In this study we probed the probability to form S 4 from S 0 and O 2 by incubating Y D -less PSII in the S 0 state for 2-3 days in the presence of O. The absence of any measurable 16, 18 O 2 formation by water-exchange in the S 4 state suggests that the S 4 state is hardly ever populated. On the basis of a detailed analysis we determined that the equilibrium constant K of the S 4 → S 0 transition is larger than 1.0 × 10 7 so that this step is highly exergonic. We argue that this finding is consistent with current knowledge of the energetics of the S 0 to S 4 reactions, and that the high exergonicity is required for the kinetic efficiency of PSII.
Introduction
Photosynthesis provides the chemical free energy and the molecular oxygen that most organisms on earth need for their survival. It also generated the organic matter that converted over geological time scales into the fossil fuels upon which most present human societies completely depend. Understanding the biological process of converting solar energy into chemical fuels, and how it can inspire artificial devices, may thus be of utmost importance [1] .
Water is the source for photosynthetic oxygen production and for the electrons required for CO 2 assimilation. Its light-driven oxidation to molecular oxygen is powered by charge separations in the reaction center of photosystem II (PSII) that are induced by the absorption of visible light in the associated antenna complexes and subsequent excitation energy transfer [2] [3] [4] [5] [6] [7] [8] [9] [10] . The PSII reaction center comprises the photochemical electron donor P680, which is made of four chlorophyll-a molecules (Chl D1 , P D1 , P D2 , Chl D2 ), and the primary electron acceptor molecule pheophytin (Pheo) (Fig. 1A) . Absorption of visible light by the PSII-associated antenna and subsequent excitation energy transfer to the reaction center leads to the primary charge separation, i.e. to the formation of the radical pair P 680
•+ Pheo
•−
. The P 680
•+ /P 680 couple has an estimated oxidizing potential of about + 1200 mV, the highest known in biology [11] [12] [13] [14] . For minimizing harmful and wasteful charge recombination reactions, PSII has a set of electron redox-active cofactors that allow spatial and energetic separation of the radical pair [6] (Fig. 1A) . The oxidized photochemical electron donor P 680 •+ is reduced by a redox active tyrosine known as Y Z , which is H-bonded to D1-His190 (Fig. 1B) . Y Z oxidation leads to the formation of the Y Z • His190 + pair by moving the proton within the H-bond [15, 16] . This pair, that we denote Y Z ox , then oxidizes a chair-shaped cluster associating four manganese ions, one calcium ion and five bridging oxogroups (Mn 4 CaO 5 cluster) [17] [18] [19] [20] [21] . Four water-derived ligands bind to the cluster: two, W1 and W2, to the Mn-top of the 'chair', which is often referred to as the 'outer' Mn (or Mn A4 ), and two, W3 and W4, to the Ca, which forms one corner of the cuboidal bottom of the chair. A Cl − anion, not shown in Fig. 1 , located about 7 Å away from Mn A4 [20, 21] affects the turnover efficiency of PSII [22, 23] . Together with its Biochimica et Biophysica Acta 1857 (2016) [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] Abbreviations: DCBQ, 2,5-dichloro-benzoquinone; FCCP, carbonylcyanide ptrifluoromethoxy-phenylhydrazone; FIOP, flash-induced oxygen evolution pattern; MIMS, membrane-inlet mass spectrometry; M j , redox state of the Mn 4 CaO 5 cluster with j electrons less than in the S 0 state; OWIE, Oxygen-Water Isotope Exchange; PPBQ, phenyl-para benzoquinone; PSII, photosystem II; PSIIcc, photosystem II core complexes; S i states, redox state of the donor side of PSII (P680, Y z , and Mn 4 CaO 5 ) with i electrons removed relative to S 0 ; T. elongatus, Thermosynechococcus elongatus; W f , fast exchanging substrate-water; W s , slowly exchanging substrate-water. 
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Biochimica et Biophysica Acta j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / b b a b i o protein environment and surrounding water molecules this inorganic cluster forms the oxygen-evolving complex (OEC), which, after four successive oxidations by Y Z ox , oxidizes two water molecules to molecular oxygen. For recent reviews on PSII and its water oxidase, see e.g. [8, 10, [24] [25] [26] [27] [28] [29] [30] [31] . The accumulation of oxidizing equivalents (holes) in the PS II electron donor chain is formally described by Kok's S-states model [34, 35] . Each S i state (i = 0…4) is characterized by the presence of i such equivalents, and each photochemical turnover promotes an increment of S i to S i + 1 until state S 4 is reached and the system spontaneously loops back to S 0 while dioxygen is released (Fig. 2) . After sufficient dark-adaptation S 1 is the predominant state, since S 0 , S 2 and S 3 revert by different pathways to S 1 . Formation of the S 4 state triggers a series of reactions during which the four accumulated oxidizing equivalents are used up, the O-O bond is formed, molecular oxygen and two protons are released, and at least one substrate water molecule re-binds to the Mn 4 CaO 5 cluster resetting it to the S 0 state. The Mn 4 CaO 5 cluster is thus the crucial interface between the one-electron photochemistry in the reaction center, and the four-electron, four-proton chemistry involved for oxidizing two water molecules to molecular oxygen.
In this paper, we use the S i notation for specifying the number (i) of oxidizing equivalents present in P 680 , Y Z and/or the Mn 4 CaO 5 cluster (including substrate waters). This may -or may not -be the same as the number of equivalents (j ≤ i) stored in the Mn 4 CaO 5 cluster and we denote the state of the latter as M j (as found in previous literature, e.g. Refs. [36, 37] ). Since the longest-lived form of state S 4 is in fact P 680 Y z ox M 3 , this notation is less ambiguous than "Y z ox S 3 ", which in current literature is variously referred to as an S 4 or S 3 state. There is as yet no experimental evidence for a state M 4 of the cluster, which may occur in the transition pathway to O-O formation. We also add information on the net charge present in the Mn 4 CaO 5 cluster. As a first approximation (see [38] [39] [40] ), one proton is released in the S 0 → S 1 and S 2 → S 3 transitions, and none on S 1 → S 2 , so that there is one net excess charge in states S 2 and S 3 compared to states S 0 and S 1 [25, [41] [42] [43] . We shall keep track of this by featuring a '+' charge on the M system when appropriate (i.e., M 0 , M 1 , M 2 + , M 3 + ). These notations are helpful for describing the successive forms of state S 4 , where two protons are released at different stages (Fig. 2B) .
The binding modes and sites of the substrate 'water' molecules to Mn 4 CaO 5 cluster are not yet unambiguously identified. Rapid In this orientation the 'chair' is lying side-wise. The figure is based on a crystal structure of a PSII monomer (PBD 3KZI) [32] , while the geometry of the Mn 4 CaO 5 cluster is based on density functional theory (DFT) calculations [33] . Mn ions: magenta (A4, B3, C2, D1), oxygen bridges: red (O1-O5), Ca ion: yellow, oxygen of water/ hydroxo ligands: blue (W1-W4). [29, 49, 50] , is reported to bind to the open coordination site on Mn D1 during the S 2 → S 3 transition [19, 50, 51] . The driving force for O 2 formation in the S 4 → S 0 transition has been a controversial issue for several years. In 2004 Clausen and Junge reported an experiment aimed at estimating this driving force by testing the effect of high oxygen pressure [52] . Increasing the concentration of the product will lower the equilibrium constant of the reaction, possibly bringing it to a stall if the effect is large enough. And such seemed to be the case, as the reaction was found half inhibited by only 2.3 bar O 2 partial pressure (i.e.~10-fold the physiological oxygen concentration). This pointed to a rather small driving force (ΔG 0 ) of about 80 meV (i.e. an equilibrium constant K ≈ 20) for this final step (expressed under normal atmospheric conditions), and suggested that PSII is operating close to reversibility. A far-reaching geochemical consequence was the possibility that the current oxygen concentration of the atmosphere was set by the energetic profile of the photosynthetic water oxidase. The finding of a low equilibrium constant was in line with an earlier study by Vos et al., using electroluminescence, where K was estimated to be about 65 [36] .
However, the results of Clausen and Junge, which relied on the assignment of UV difference spectra to Mn oxidation state changes, were subsequently challenged by three independent studies. Haumann et al. employed time-resolved X-ray absorption measurements to follow the Mn oxidation changes directly during the turnover of PSII at O 2 pressures of up to 16 bar. These experiments revealed no blockage of the S 4 → S 0 transition under any of the tested conditions [53] . Similarly, Kolling et al., using chlorophyll fluorescence to follow the S state turnover, found no evidence for product inhibition up to 11 bar O 2 [54] . Finally, some of us demonstrated by membrane-inlet mass spectrometry (MIMS) that the production of 18 O 2 from H 2
18
O occurs at the same rate in the presence of 20 bar O 2 as with a similar N 2 pressure [55] . Thus, all three experiments point to a more substantial driving force than estimated by Vos et al. [36] and Clausen and Junge [52] , but its exact magnitude remained unclear.
To estimate K, we designed a novel test for the S 4 ↔ S 0 equilibrium that is based on "Oxygen-Water Isotope Exchange" (OWIE) in the S 4 state. This was done using MIMS detection of the isotopic composition of the molecular oxygen after incubating PSII in the S 0 state in the presence of 18 O 2 and H 2 16 O. Thanks to the sensitivity of MIMS and to the long-term stability of the S 0 state in Y D -less PSII preparations of Thermosynechococcus elongatus (T. elongatus) this method has unprecedented sensitivity. We report here a negative result that pushes the lower bound for K as high as 1.0 × 10 7 . We argue that a high driving force for the S 4 → S 0 reaction is consistent with the available knowledge on the energetics of the S states and with theoretical considerations on the relation between the ΔG 0 and the reaction rate.
Materials and methods

Sample preparation
WT and Y D -less (D2-Y160F-PSII) mutants of T. elongatus were grown and PSII core complexes (PSIIcc) isolated as described previously [56] . After preparation all samples were frozen in liquid N 2 and stored at −80°C until used.
For the experiments, the PSIIcc were suspended in a medium at pH 6.5 containing 15 mM CaCl 2 , 15 mM MgCl 2 , 40 mM MES and 1 M betaine (denoted as the "betaine buffer"). From the ideal gas law, in a gas phase with volume V G , and partial pressure P, one has N G moles, with N G = P × V G / V m . After correcting for non-ideality [58] , one gets V m = 22.6 for T = 275 K and 1 atm. From Henry's law, in the liquid phase one has N L moles such as N L = P × V L / 498. Combining both expressions one gets:
(independent of pressure). Hence, for equal gas and liquid volumes, 95.5% of the oxygen molecules are present in the gas phase (at T = 298 K, the factor in Eq. (1) is 31.0 and the mole fraction in the gas phase is~96.8%). Kinetic isotope effects for gas transfer into and out of water are in the per mil region and are thus neglected [59] . Two completely independent sets of OWIE experiments were performed to deal with the preference of O 2 to be in the gas phase. These are referred to in the following as OWIE-A and OWIE-B.
OWIE-A: gas phase sampling
Dark-adapted Y D -less PSIIcc of T. elongatus (3 mg Chl/mL in betaine buffer pH 6.5) were synchronized in the S 0 state using the following illumination sequence: 1 laser pulse, 60 min dark, 3 pulses (spaced 1 s apart). The illumination and dark-incubation took place at room temperature in the absence of added electron acceptors using 200 μL aliquots in 4 mm diameter quartz EPR tubes. To achieve an even, saturating illumination the laser beam was divided into three beams of similar intensity that were aimed at the sample from three directions. The light source was a frequency-doubled Nd/YAG laser (Spectraphysics; 600 mJ/pulse; 9 ns pulse width). All subsequent steps were performed inside a glove box (VAC, Omni-Lab Systems) that maintained an inert N 2 atmosphere (~0.1 ppm O 2 ). 300 μL aliquots of the S 0 -enriched PSII samples were loaded in the dark into septum capped vials (744 μL; V G = 444 μL) and then purged with 18 O 2 (Linde 18 O 2 , 97% enrichment) for 4 min under continuous stirring. The sample vials were sealed and incubated at 2°C for up to 48.5 h under stirring. Five sample aliquots were withdrawn from the headspace (5 × 20 μL) at different times (0, 12.0, 24.0, 24.5 and 48.5 h) using a gas-tight sample lock syringe (Hamilton 1710SL). After sample withdrawal, the syringe needle was inserted through the small entry port into the MIMS sample chamber that was also placed inside the glove box. The needle was degassed for 15 min to remove the 18 O 2 /N 2 gas content in the needle (this process was monitored via the mass spectrometer). The headspace sample was subsequently injected into the reaction cell and the oxygen isotopologue concentrations were measured at m/z = 32, m/z = 34 and m/z = 36 from the peak amplitudes.
Control measurements were made with S 1 Y D -less PSIIcc (no preillumination) by incubating the dark-adapted sample with 18 O 2 .
Three sample aliquots were withdrawn (3 × 20 μL) from the gas headspace at different time points (0, 12 and 24 h). The extent of gas leakage via the septum was determined by incubating water (300 μL) with 18 O 2 and analyzing sample aliquots that were withdrawn from the gas headspace at 0, 23, 34 and 38 h.
The leakage of 18 O 2 out of the vial was~30% over 48 h, which was largely due to taking out a total of 80 μL from the gas phase for sampling (see Fig. S1 The MIMS measurements were performed with a magnetic sector field isotope ratio mass spectrometer (ThermoFinnigan Delta V Plus) connected to the sample chamber (165 μL [44] ) via a cooling trap filled with a dry ice/ethanol mixture [60] [61] [62] . The reaction cell was separated from the high vacuum inlet (5 × 10 −8 bars) by a gas permeable silicon membrane,~25 μm thickness (Mempro MEM-213) that was supported by a porous Teflon disk, ø ≈ 10 mm (Bel-Art Products).
OWIE-B: liquid sampling
Before enriching dark-adapted Y D -less PSIIcc of T. elongatus in the S 0 state the sample suspension was saturated with 18 O 2 . Then,~390 μL aliquots were filled into cylindrical glass tubes (length~30 mm, internal diameter~4 mm) and sealed with plasticine plugs, avoiding the presence of any significant gas space between the liquid and stopper. The Y D -less PSIIcc suspensions had a Chl concentration of 270 μM in the betaine buffer at pH 6.5, with 100 μM phenyl-para benzoquinone (PPBQ) and 100 nM carbonylcyanide p-trifluoromethoxy-phenylhydrazone (FCCP). FCCP was added to the sample to accelerate the S 2 → S 1 deactivation in order to reduce the time interval between the pre-flash and the group of three flashes to 60 s [63] [64] [65] . Control samples were prepared in the same way, but without PSII. The PSII samples were illuminated with laser pulses through a Y-shaped light guide with rectangular output windows, illuminating the tubes from both sides, thus ensuring saturating homogeneous illumination of the samples. After one preflash and 60 s darkness, three flashes spaced by 2 s were fired, setting PSII predominantly into the S 0 state. Half of the samples were tested right away and the other half was kept for three days in total darkness at 25°C.
Both for the t = 0 and t = 72 h samples, the content of the tubes was divided into two parts: the first one (200 μL) was used for oxygen isotopes determination and the rest was 15-fold diluted, supplemented with 200 μM PPBQ as an electron acceptor and used for testing the O 2 evolution rate (measured by MS) under continuous light of saturating intensity. The determination by MIMS of the abundance of oxygen isotopes was carried out by laying down 200 μL of the samples on the inlet membrane under a nitrogen atmosphere. The response of the spectrometer to gas diffusion within the sample and across the membrane consisted of a~15 s rise followed by a decrease (t 1/2~6 0 s). For each isotope (m/z = 32, 34 and 36), we integrated the response over 60 s after the peak.
MIMS measurements were performed with a magnetic sector mass spectrometer (Thermo Fisher Scientific Prima-δB). The spectrometer was connected with a temperature-regulated sample chamber (cylindrical Hansatech oxygen electrode chamber) via a stainless steel vacuum line passing through a cooling trap consisting in a Dewar-held thermal bath fluid (Julabo Thermal HY) maintained at −80°C by an immersion cooler (Julabo FT-902). The sample liquid phase was separated from the vacuum line by a 25 μm-thick Teflon membrane (YSI 5793) located at the bottom of the chamber and settled on a stainless steel frit disk. The measuring chamber was thermostated at 25°C using a water jacket and continuously flushed with N 2 before and during sample deposition and analysis.
Determination of the S 0 population
The efficiency of the S 0 enrichment was tested with MS detection of flash-induced oxygen evolution patterns (FIOPs). Prior to the FIOP measurement the sample was diluted to a Chl concentration of 0.3 mg/mL in the betaine buffer pH 6.5 containing 0.5 mM PPBQ. Isotopically labeled water (H 2 18 O, 97.6% enrichment, Medical Isotopes, Inc.) was added to the sample suspension (24% final concentration) to maximize labeled oxygen products. The sample was loaded into the mass spectrometer reaction cell and a series of 12 flashes (Xenon lamp,~6 μs FWHM) spaced by 25 s dark periods were given to the sample to obtain the FIOP [44] , as shown in Fig. 3 . From a fit of these data, one estimates that the illumination procedure results in a 55% fraction of S 0 (for details see Text S1 with Figs. S2-S4 and Table S1 in the Supplementary Material).
Long-term stability of S 0 in Y D -less PSIIcc
To test the stability of the S 0 state over longer time periods, we monitored the EPR signal associated with S 0 [66, 67] The overall resistance of the water oxidase to prolonged dark incubation at 25°C was tested by measuring the oxygen evolution rate at the beginning and end (t = 72 h) of the incubation period. This showed an activity loss of~5%.
Results
The Oxygen Water Isotope Exchange (OWIE) approach for determining the equilibrium constant K of the S 4 → S 0 reaction relies on the exchange of one H 2 18 Reactions (1) and (3) are the equilibrium under study, with an associated constant of 1/K and K, respectively. Here, we denote as K the dimensionless ratio [S 0 ] / [S 4 ], focusing on the pseudo first order S 4 ↔ S 0 reaction -assuming that the concentrations of the other reactants (water, oxygen, pH) are fixed at some standard state. The relation Table S1 in Supplementary Material.
of K with the midpoint potentials and concentrations of the reactants is examined in detail in the Discussion section. The above scheme is simplified in several respects: proton binding/ release reactions are not specifically considered and neither are equilibria between sub-states of S 4 , which will be discussed later. Some production of 16 O 2 may also occur from the exchange of both substrate water molecules, but this is a second order process that can be neglected.
The exchange of the substrate water molecules in state S 3 has been shown to occur with two different rate constants [29, 44, 68] . One water molecule "W f " is exchanged in the tens of milliseconds range (in the present material, k 3 O-isotopes are in the − 0.4‰ range for photosynthetic water oxidation [77] and thus without consequence for our experiments.
For this method to be a sensitive probe for the equilibrium constant K one needs PSII centers that do not inactivate and maintain a high S 0 population during extended periods (2-3 days) of dark-incubation with 18 O 2 at physiological temperatures. PSII centers are known to be predominantly in the S 1 state after dark-adaptation. This has been explained by the reduction of S 2 and S 3 back to S 1 , and the slow (t 1/2 = 10-70 min at 20°C in T. elongatus thylakoids [56, 78, 79] One additional technical challenge is that according to Henry's law the concentration of oxygen in water is only a small fraction of that in the gas phase above (see Section 2.2.1). We ran two series of experiments to cope with this. In the OWIE-A approach a gas phase was present in the incubation vials and a gas aliquot, kept small enough to keep the gas pressure above the liquid phase nearly unchanged, was taken and introduced into the mass spectrometer to probe for a change in the 16, 18 O 2 / 18 O 2 ratio, while in the OWIE-B approach the samples were devoid of a significant gas phase within plasticine-plugged tubes and an aqueous aliquot was used for MIMS detection of the O 2 isotopologues. OWIE-A. Fig. 4 summarizes the results of the OWIE-A experiment in which the S 0 -enriched Y D -less PSIIcc were incubated in the dark at 2°C for up to 48 h in the presence of 18 O 2 within septum-sealed glass vials. As controls, S 1 samples and buffer samples were exposed to the same treatment. The data in Fig. 4 O 2 production via the OWIE effect one expects that this ratio (blue squares in Fig. 4 ) increases with time above those of the two controls (black circles and triangles in Fig. 4 ; this was not observed within the accuracy of the experiments. In order to obtain a lower estimate for K, this finding is analyzed more quantitatively below.
From the experimental scatter we estimate the standard deviation in the determination of the 16, 18 O 2 / 18 O ratio to σ = 3.8 × 10 −4 . Fig. 4 shows that all data points were found within the ±2σ interval (dashed horizontal lines) with respect to the average value, which corresponds to the 16, 18 O 2 content of the 18 O 2 -enriched gas used during incubation (solid line). With this 2 σ threshold, the smallest deviation of the 16 O 2 ] OWIE , we obtain, using Eq. (2), a first lower limit for the equilibrium constant: K ≥ 1.5 × 10 5 . OWIE-B. Fig. 5 summarizes the results of the OWIE-B experiment, in which we tried to avoid any gas phase about the PSII suspension and assayed directly the liquid phase by isotope ratio MIMS. Since for this experiment all 16 For these experiments seven tubes containing Y D -less PSIIcc in 18 O 2 -enriched medium were prepared and submitted to preilluminations for S 0 enrichment. Seven control tubes containing no PSII were prepared in the same way. Two samples of each sort were tested right away by MIMS ("t = 0", in fact within a couple of hours) and the remaining 2 × 5 samples were tested after 72 h incubation in the dark at 25°C. The main difficulty in this procedure is achieving bubble-free, well-sealed samples. The plasticine plugs were in fact more or less leaky, resulting in a progressive loss of 18 O 2 of variable extent. Three PSII samples had to be rejected: two were too leaky and had reached complete equilibration with air at t = 72 h and one tube was rejected because of a sizeable bubble, in which most of the putative OWIE-produced 16, 18 O 2 would have partitioned. In the two remaining tubes (points D and E in Fig. 5 ), the 18 O 2 concentration was still relatively high and its value was used to estimate the average 18, 18 O 2 concentration during the incubation, assuming exponential decay. The initial value required in this computation was taken as the average from the t = 0 samples (1.38 mM -this is slightly above the equilibrium concentration predicted by Henry's law, due to using a cool medium and overpressure when preparing the sample). In this experimental round and in preliminary tests, we obtained little scatter in the measurements run at t = 0, because the imperfect plug tightness is inconsequential at short times. In the "best" sample (i.e. with minimal leakage, point E), the final amount of 18 Based on the control samples and also using the t = 0 PSIIcc samples, we can compute the standard deviation for the determination of the 16 O 2 ] OWIE ≤ 0.12 μM, which implies that, with the above value of X, K ≥ 1.0 × 10 7 .
Discussion
OWIE experiments
According to current knowledge, the S 4 state encompasses at least three detectable sub-states as featured in Fig. 2B . Reaction (1) is the electron transfer from tyrosine Y Z to P 680
•+ , taking place in the 100 ns time range [80] [81] [82] . Reaction (2) is a proton release step occurring in the 100 μs time range [83] [84] [85] [86] [87] [88] . The thereby formed state, P 680 Y Z ox M 3 , is the longest-lived one, with a lifetime of about 1 ms. Its decay is accompanied by the release of O 2 and of the last proton and re-formation of S 0 without a resolvable intermediate; it thus corresponds to the ratelimiting reaction in the water oxidation process [84, [89] [90] [91] [92] .
The free energy gap between P 680
•+ /P 680 and Y Z ox /Y Z , in the presence of M + , is probably about 13 meV (see [5, 13] , Supplementary Material Text S3 and references therein). Furthermore, according to Refs. [25, 84] , one may expect a pK a ≈ 4.6 (in the presence of Y Z ox ) for the group which releases a proton on step (2). This is inferred from pH titrations showing inhibition of the S 4 → S 0 transition around pH = 4.6, which corresponds to a free energy difference of 59 meV × (pH − pK a ) = 112 meV at pH 6.5 for the H + releasing step. This implies an overall free energy gap of ≈ 125 meV between states P 680
• ), which takes into account the isotopic compositions of the oxygen from the air and from the gas used for 18 O 2 -enrichment. In the absence of any additional isotopic conversion (such as the OWIE process), the data points should be close to zero within experimental accuracy (e.g., between the ±2 σ lines shown in the figure) . both substrates in S 4 by a factor of at least 100 with respect to S 3 state was observed. Several possibilities were considered as to the origin of the 'blocked' exchange in S 4 . In one of these, the blocking is a result of the deprotonation step (2) in Fig. 2 B. This would imply a ≈ 100-fold slowing of the exchange rates (the equilibrium constant of step 2). In other interpretations the exchange is already blocked in state P 680 Y Z ox M 3 + due either to a rearrangement of the H-bond network caused by Y Z oxidation, or to a possible requirement for an uphill reduction of Mn IV by (reduced) Y Z [45, 93] . In such cases, the only sub-state of S 4 where water exchange occurs at the same rate as in S 3 would be state P 680
•+ Y Z M 3 + and the effective exchange rates observed in S 4 would be slowed by K PZ ≈ 130 with respect to S 3 . This conservative hypothesis was adopted here, giving k 4,f = k 3,f /130. According to the OWIE-B experiments (Table 1) , the lower bound for K is ≈ 1.0 × 10 7 and thus ΔG 0 (S 4 → S 0 ) OWIE ≥ 410 meV. We thus conclude that the S 4 → S 0 reaction is highly exergonic, much above the range that is presently accessible to investigations using high oxygen pressure. In the following, we argue that such a high equilibrium constant should not appear as a surprise: it could actually be expected from both experimental and theoretical knowledge. 
R is the gas constant, T the absolute temperature, F the Faraday constant; E O2 and E 40 ) to its relaxation to S 0 , 1.5-2 protons are released (with little pH dependence in the pH 6-7.5 range) [38] [39] [40] , while 2-2.5 protons are released at earlier steps of the Kok's cycle. Incidentally, a non-integer value is not aberrant: it would just mean that some centers release one net proton and some release none, due to the pK a 's of the groups involved in the process, which includes the deprotonation of water and proton binding to the S 0 state of the enzyme. For simplicity, we have adopted in this paper a round figure of 2 protons released in the overall S 4 to S 0 process. As illustrated in Fig. 2 , their release occurs in two steps, a rapid (~100 μs) release of 1 H + , associated with the formation of P 680 Y Z ox M 3 , and a slower release accompanying the~1 ms transition to S 0 [83] [84] [85] [86] . So, if we adopt the convention that Eq. 
Here, p O2 stands for the partial pressure of O 2 in atm and the release of m = 1 proton is assumed. The factor 15 is the rounded numerical value of ln(10) × RT / 4F = 14.78 mV at 298 K.
Information from previous work about the potential E 40 of the S 4 /S 0 redox couple
In the various approaches mentioned thus far, the focus has been on the S 4 → S 0 reaction. But, since we are dealing with a cycle, estimates for E 40 or K can also be obtained by considering the sequence of S 0 → S 1 → … → S 4 reactions, which create four holes at the mean potential E 40 [25, 37] . In each of these four light-driven steps the energy gained by the system corresponds to that delivered by P 680
•+ minus the loss involved in stabilizing the positive hole on its final location. Thus, the potential of the S i /S i − 1 couple is equal to the potential of the P 680
•+ /P 680
couple, E P , minus a potential drop which corresponds to the free energy change occurring during the P 680
we note ΔG 0 (S i ). One should take into account, however, the fact that the midpoint potential of P 680 is sensitive to the presence of the additional positive charge of the Mn 4 CaO 5 cluster in the S 2 and S 3 states (i.e. the M 2 + and M 3 + states featured in Fig. 2A) . We denote by E P and E P + the potential of P 680 in the absence or presence of the additional charge, respectively. Evidence for this effect appears in the kinetics of P 680
•+ reduction and as an electrochromic shift of the P 680 absorption spectrum. The analysis of these effects in Text S3 of the Supplemental Material allows a rough estimate of the potential shift E P + -E P ≈ 50 mV. Therefore, the total energy accumulated is (in eV units) 2 E P + 2 E P + minus the sum of the ΔG 0 (S i ) (with i = 1…4). These free energy drops have been estimated in previous work, as compiled below:
(i) ΔG 0 (S 2 ): on the basis of recombination rates this was estimated at~240 meV (see the Discussion section and Refs. [11, 13] These values are summarized in Fig. 6 . The average stabilization in the four steps (i-iv) is thus ≈ 255 meV, and E 40 = E P ′ − 255 mV, where E P ′ = (E P + E P + ) / 2. The midpoint potential of P 680
absence of an extra positive charge on the Mn 4 CaO 5 cluster, has been estimated at E P = +1265 mV or E P = +1170-1210 mV [11, 14] . Adopting the range 1170-1265 mV for E P , and accordingly 1220-1315 mV for E P + , one obtains E 40 in the range + 940 mV to +1035 mV. The gap between these values is here entirely due to the uncertainty on E P , but uncertainties on some other ingredients are important as well so that the "error bar" may still be larger. When inserted into Eq. (4) (with pH = 7, p O2 = 0.21 atm and T = 298 K), these values locate K in a range of 10 9 -10 15 . The 100 mV "uncertainty" for midpoint potential results in a very large range for K, because we are dealing with a fourelectron reaction. In this respect, the impact of having n = 4 in the RT/nF factor may have been overlooked in previous literature: a moderate potential difference E 40 − E O2 = 100 mV, for instance corresponds to an equilibrium constant~10 7 , because the "driving force" is in fact 4 × 100 meV.
Prior to the high pressure experiments starting with the work by Clausen and Junge [52] , a first estimation of K was reported by Vos et al. from an electroluminescence study [36] . The equilibrium constant for the P 680 Y Z ox M 3 → P 680 Y Z S 0 (O 2 ) reaction was estimated at K ≈ 65 (or ΔG 0 ≈ 105 meV; as emphasized above this would mean that E 40 lies only 105/4 = 26 mV above E O2 ). This was derived from the decay of the amplitude of the electroluminescence spike when varying the delay between the (third) flash and the voltage pulse used as a probe. The information concerns the 1.2 ms phase accompanying O 2 formation and should thus correspond to K as defined here. According to the authors, however, a slower (100 ms) stabilization phase involving a further factor of more than 10 is also taking place. They ascribed this phase to O 2 release from the enzyme, in line with their earlier -and controversial -estimate for this reaction [98] (see Refs. [70, [73] [74] [75] 99] for studies supporting a fast release of O 2 ). Thus, according to this work, the value of K, including the stabilization accompanying O 2 release, should be K ≈ 650; or only 65 if the 100 ms phase is ignored. Clearly, there is a huge discrepancy between these estimates and the much larger values obtained above from data concerning the oxidative part of the cycle (10 In the recent energy schemes elaborated by Siegbahn, based on density functional theory, the energy gap found for the S 4 -S 0 reaction is 400 meV [19] or 750 meV [100] (the larger value being due to a reevaluation of the P 680
•+ /P 680 potential 
Entropy of product release and activation energy
Here, we revisit in the present context the considerations previously developed by Krishtalik concerning the energetics of the reaction S 4 → S 0 + O 2 + m H + [102] . The release of the products (O 2 and H + ) implies an increase in translational and rotational entropy, which is an obligatory component of the ΔG 0 . This component turns out to be quite significant, especially as the reference state adopted is not the usual 1 M convention, but 276 μM for O 2 and 10 −7 M for protons. This has important consequences for the evolutionary tuning of the enzyme, which has to cope with this obligatory component of the driving force. The energetics of product release from the active site can be tackled by considering a pathway where one first turns off the forces exerted by The maximal current literature estimate of E P = 1265 mV was adopted for this Figure, and the range to the lower recent literature estimate for E P = 1170 mV is indicated by gray bars [11, 14] . The lower edge of the gray bar for the energy level of the S 4 There has been a long-standing debate on the correctness of this and of alternative approaches (see e.g. Refs. [104] [105] [106] [107] ). Theoretical and experimental arguments supporting the cratic approach can be found in a recent study [107] and, conservatively, we retain here the cratic estimate for translational entropy, which results in smaller values than obtained from other approaches. And, also conservatively, we ignore (for lack of data) the rotational entropy contribution. Thus, the minimum entropic contribution to the ΔG 0 due to product release is 314 + 516 = 830 meV. The protein has no grip on this "extra enzyme" contribution, that we denote ΔG ex (see Fig. 7 ). The enzymatic domain of the reaction concerns what happens between the bound substrate state and the release intermediate and we denote by ΔG in this "intra enzyme" contribution. Whereas ΔG ex is purely entropic, one expects the entropic contribution to ΔG in to be relatively small. In the overall ΔG 0 = ΔG in + ΔG ex, the component accessible to evolutionary adaptation is obviously ΔG in . The enzyme can lower the magnitude of the ΔG 0 below the 830 meV corresponding to ΔG ex by setting an endergonic ΔG in , as pictured in Fig. 7 . There are some advantages in doing this: decreasing the ΔG 0 allows a lower midpoint potential for P 680
•+ /P 680 , which will increase the reducing power at the electron acceptor side and will also render P 680
•+ less reactive and hazardous to its environment.
On the other hand, as illustrated in Fig. 7 , one cannot decrease ΔG 0 by too much, because this would result in too large an activation energy for the reaction. Indeed, when ΔG in is endergonic, the minimum activation energy is |ΔG in |, because the release intermediate is a fixed passage point. We can estimate an upper bound for the activation free energy of the P 680 Y Z ox M 3 → P 680 Y Z M 0 + O 2 reaction which occurs with a ≈ 1 ms time constant (1/k) by using Eyring's formula 1 (see [108] for caveats regarding the meaning of the pre-exponential factor): k = k B T / h × exp(− ΔG ‡ /k B T). In order to have k ≈ 1000 s − 1 , one should set ΔG ‡ = 580 meV. If we adopt this value as the maximum depth of the "binding well" (see Fig. 7 ), i.e. | ΔG in | ≤ 580 meV, this implies ΔG 0 ≥ 830-580 = 250 meV, hence K ≥ 10 4 . Any additional "bump" locating the transition state above the energy level of the release intermediate, which is likely to happen, will result in a larger K.
Thus again, this analysis shows that low values of the equilibrium constant such as estimated by Vos et al. [36] or by Clausen and Junge [52] are not plausible. The activation enthalpy of the S 4 → S 0 + O 2 reaction has been estimated in the 210-400 meV range by a number of studies (see Refs. [5, 76, 109, 110] ). Thus, the enthalpic depth of the binding well is at most ≈ 400 meV, which is in line with the above estimate | ΔG in | ≤ 580 meV. If the entropic contributions to ΔG in are small, one would have ΔG 0 ≥ 830-400 = 430 meV, corresponding to K ≥ 10 7 . Another relevant piece of information arises from the photothermal beam deflection experiments reported in [111] . This work concluded that the Y Z ox S 3 → Y Z S 0 + O 2 reaction is slightly exothermic (i.e. ΔH 0 ≈ −210 meV, but a value of 0 was within experimental accuracy). This would locate the bound state enthalpy level close to or above that of the release intermediate, implying that the activation enthalpy of 300-400 meV is essentially due to a bump locating the transition state above the release state. In this case, if entropic contributions to the ΔG in were negligible, one would have ΔG 0 ≥ 830 meV and K ≥ 10 14 , which is close to the upper limit (10 15 ) estimated in the previous section.
Conclusions
The experimental approaches and the theoretical analyses reported in this paper point to a much larger driving force for the S 4 → S 0 reaction than generally believed. Using a new experimental approach (OWIE), which offers a very high sensitivity, we obtained a negative result that pushes the lower bound for K above 1.0 × 10 7 . This is close to the lower bound that we obtained independently by using the available information on the energetics of the S-state transitions (10 9 ≤ K ≤ 10
15
). Finally, following Krishtalik [102] , we pointed to the importance of the entropic contribution to the overall driving force due to the release of products. Photosystem II can lower the ΔG 0 to some extent, but this occurs at the expense of an increased activation barrier. Hence, for ensuring kinetic efficiency, K must be ≥ 10 4 . This lower bound must still be significantly raised if one takes into account current estimates for the activation enthalpy and the finding of a slightly exothermic overall reaction.
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The Transparency document associated with this article can be found, in online version. . The protein may tune the contribution ΔG in related to the internal domain and reduce the overall ΔG 0 below ΔG ex , as assumed here. However, the release intermediate is a fixed passage point, so that the activation free energy ΔG ‡ cannot be smaller than ΔG in . 1 The purpose here is essentially to obtain a rough order of magnitude for the maximum activation energy compatible with a 1 ms reaction. The Eyring (transition state) theory may not be fully suitable here, since e.g. the reaction involves electron transfer steps which are better handled by the Marcus theory.
